INTRODUCTION
============

Tetracyclines have non-antimicrobial anti-inflammatory, pro-anabolic and anti-catabolic properties which make them excellent candidate pharmaceuticals for simultaneous adjunctive treatment of periodontal and prevalent systemic comorbidities commonly seen in periodontitis subjects. Aspects of their non-antimicrobial anti-inflammatory actions of relevance in the adjunctive management of periodontitis and inflammatory loading from prevailing systemic diseases are addressed.

Literature searches from the last 15 years pertaining to the inflammatory pathogeneses of periodontitis and systemic comorbidities such as CHD, DM and arthritis were made using relevant key words. Searches utilized Medline, Embase, Pubmed and other sources for original papers, systematic and other reviews of the literature. Due to the heterogeneity of work covered, this review does not lend itself to a traditional systematic review; it attempts to address mechanisms involved in their actions and interactions which helps to clarify some inconsistencies across population groups based on inherent subject variations, variable disease parameters and outcome measures used in diverse studies. Systematic reviews and meta-analyses in the context of specific outcome measures, conducted in accordance with recommendations of the Cochrane Collaboration are included.

INHIBITION OF MATRIX METALLOPROTEINASE (MMP) ACTIVITY BY TETRACYCLINES
======================================================================

The discovery of MMP inhibition by tetracyclines by mechanisms unrelated to their antibiotic activity was a major breakthrough \[[@R1]\]; and the discovery of animal collagenase, the first of a series of MMPs, now recognized as essential mediators of collagen, connective tissue and bone destruction in several chronic inflammatory diseases including periodontitis. Collagenases break down connective tissue macromolecules and these include matrix metalloproteinases (MMPs). Tetracyclines inhibit MMP activity by depriving them of divalent cations which are co-factors for their activity. They also chelate these cations, thereby reducing their protein degrading activity. Chemically modified tetracyclines (CMT) are agents that have been developed to remove the anti-microbial actions of tetracyclines, while retaining their non-antimicrobial properties, by modifying the tetracyclic naphthacene carboxamide ring of the molecule. Tetracycline and its analogs are well known as a group of antimicrobials with a broad spectrum of activities. They act against a large number of gram positive and gram negative bacteria, including many putative periodontal pathogens. However, research carried out in the past reveals that tetracyclines possess other unique non-antimicrobial properties such as anti-collagenase activity. These actions of tetracyclines are observed at sub-antimicrobial doses \[[@R2]\].

The above observations led to the development of sub-antimicrobial doxycycline dosing (SDD) and CMT formulations, for the treatment of periodontal disease, dermatological conditions; and as anti-angiogenesis agents as evidenced in human clinical trials, in certain types of cancer. Tetracyclines are able to inhibit both intracellular and extracellular MMPs. The active MMP-inhibitor site of the tetracycline molecule has been identified as the calcium and zinc binding site at C-11 and 12. As MMPs are required for physiological functions including matrix turnover, it would not be desirable to inhibit MMPs excessively. A pivotal multicentre randomized clinical trial in post-menopausal women with periodontitis and systemic osteopenia demonstrated that doxycycline at SDD could reduce progressive alveolar bone loss associated with periodontitis and systemic bone loss in the same subjects \[[@R3]\]. The efficacy and safety aspects of usage and future directions in managing oral and systemic bone loss are addressed. SDD was designed to suppress host-derived MMPs in the periodontal lesion in order to attenuate pathological degradation of various collagens including types 1, lll and lV, while preserving other periodontal tissue components (fibronectin, proteoglycan ground substance, elastin and basement membranes). It inhibits bone resorption and minimizes side-effects of regular dosing.

CMTs can inhibit MMP-3 and serine proteinases, particularly neutrophil elastase. These properties confer connective tissue and bone sparing effects. MMPs can partially degrade and inactivate the endogenous serine proteinase-inhibitor α1-antitrypsin in serum and biological fluids. When MMP activity is blocked by tetracyclines, α1-antitrypsin is spared; enabling its inhibitory actions on pathologically elevated elastase activity. The binding energy calculated in solution predicts that CMT-3 complexes are the most favorable, followed by CMT-7 and CMT-8 analogs respectively; based on the mechanisms of action of CMTs as MMP inhibitors at a molecular level \[[@R4]\]. Photosensitivity is a reported side-effect of CMT-3, in a dose-responsive manner \[[@R5]\].

APPLICATIONS OF ANTI-INFLAMMATORY ACTIONS OF TETRACYCLINES IN INFLAMMATORY DISEASES
===================================================================================

There has been significant recent interest in the non-antimicrobial biological actions of tetracyclines with good coverage in the literature; which include anti-inflammatory, anti-apoptotic, anti-proteolytic actions, inhibition of angiogenesis and tumor metastasis \[[@R6]\]. The second generation semi-synthetic tetracycline, minocycline has been in therapeutic use for over 3 decades. Multiple non-antimicrobial biological actions in the context of inflammatory pathogeneses seen in dermatitis, periodontitis, atherosclerosis, arthritis and inflammatory bowel disease; anti-proliferative actions in malignancy and prevention of bone resorption are especially relevant to minocycline. Several studies have been done on the neuroprotective actions of tetracyclines. Some side effects of minocycline associated with long-term usage for dermatological conditions include tooth discoloration \[[@R7]\]. This would not be applicable to conventional applications in the adjunctive management of periodontitis.

MMPs play an important role in the degradation of ECM resulting in cell migration, wound healing and remodeling of tissues. They constitute a group of more than 20 Zn-dependent enzymes crucial in ECM biology acting as regulators of inflammation in fine tuning acute and chronic inflammatory episodes; being key components in the progression of periodontitis. MMPs are essential for the turnover of ECM components. However when they are pathologically elevated, connective tissue and bone loss occur in a range of inflammatory diseases. Tetracyclines are effective inhibitors of mammalian MMPs. Sub-antimicrobial formulations of tetracyclines are effective in modulating the host response in periodontitis and dermatological conditions.

In view of similarities in the enolic system of curcumin and the C-11/C-12 diketonic moiety of tetracyclines in the inhibition of MMPs via Zn-binding; a uniquely modified core molecule of curcumin has been developed as a congener along these lines, in the context of its beneficial anti-inflammatory effects in diseases associated with connective tissue loss \[[@R8]\]. The modified curcumin molecule has improved zinc binding and solubility; and significant actions in reducing excessive MMP levels and activity. The new curcuminoid bi- and tri-carbonylmethanes show substantial improvement in these properties. An N-phenylaminocarbonyl derivative of bis-demethoxycurcumin (CMC2.24) has been shown to be most effective *in vitro* amongst a series of neutral proteases implicated in connective tissue destruction. Oral administration of this compound to diabetic rats resulted in significant reduction in pathological levels of MMP-9 to normal values; without any toxic effects, demonstrated in cultured peritoneal macrophages. This novel compound could be effective in inflammatory diseases with connective tissue degradation such as periodontitis.

Selective inhibition of MMPs associated with disease progression would be a relevant therapeutic strategy, while the actions of MMPs affecting tissue turnover and detoxification need to be retained. Derivatives of monoclonal antibodies have potential therapeutic applications, particularly where specificity is paramount \[[@R9]\]. Increased target binding affinity of a monoclonal antibody confers high potency and selectivity linked to a drug scaffold with effective pharmacological properties. The second generation semi-synthetic tetracycline, minocycline has been used effectively over the decades. In addition to antimicrobial actions, it is also an effective anti-inflammatory and anti-apoptotic agent. Diverse experimental models of non-infectious diseases have demonstrated anti-proteolytic effects, suppression of angiogenesis and tumor metastasis. Several studies have addressed the non-antimicrobial actions of tetracyclines such as enzyme inhibition, antioxidant effects, immune cell activation and proliferation; and inhibition of apoptosis. These findings are reviewed, focusing on mechanisms underlying anti-inflammatory and immunomodulatory actions of minocycline \[[@R10]\].

Most tetracyclines have the ability to inhibit MMPs. Their multiple mechanisms of action have been reviewed \[[@R11]\]. Minocycline crosses cell membranes readily and has potent anti-apoptotoic actions; doxycycline is an effective anti-protease and inhibits MMPs which contribute to tissue destruction in periodontitis and other inflammatory diseases. There is extensive documentation supporting the beneficial actions of tetracyclines, including their ability to scavenge ROS and act as anti-inflammatory agents. The pathogenesis of chronic inflammatory diseases results in increased formation of ROS and its sequelae leading to oxidative damage and dysfunction of cells. Tetracyclines have the capacity to scavenge free radicals and overcome oxidative stress \[[@R12]\].

They belong to the classic phenolic class of antioxidants, with antioxidant properties consistent with their structure; being similar to that of vitamin E. Minocycline demonstrates radical scavenging activity comparable to that of tocopherol, demonstrated in cell-free mixed-radical assays \[[@R13],[@R14]\]. It is effective as a superoxide scavenger, in quenching hydrogen peroxide \[[@R15]\] and peroxynitrite by direct interaction with free radicals. The diethylamino group on the phenolic carbon is unique to minocycline amongst tetracyclines, providing improved steric hindrance and confers superior radical scavenging activity on minocycline. It is 200-300 fold more potent than tetracycline. It is also 200-fold more potent than tetracycline in its inhibition of lipid peroxidation \[[@R14],[@R16]\]. The mode of action of tetracyclines in a non-antimicrobial capacity addressed above indicates their potential adjunctive applications in periodontitis and prevalent comorbidities. Some examples of their actions in this context are addressed in the sections below.

PERIODONTITIS AND TETRACYCLINES AS THERAPEUTIC ADJUNCTS
=======================================================

Periodontal disease (PD) is a common inflammatory disease initiated by bacterial plaque biofilm, particularly in adult populations world-wide. Presentation of PD can range from 'gingivitis' which is the initial inflammatory condition affecting soft tissues surrounding the tooth, to the more advanced stage of the disease, periodontitis resulting in destruction of supporting structures of teeth. PD is initiated by bacterial plaque biofilm. Periodontal tissues respond to bacterial invasion by mobilizing defense cells and releasing inflammatory cytokines such as interleukins (IL) and tumor necrosis factor alpha (TNF-α) which ultimately cause tissue destruction by stimulating the production of enzymes such as MMPs \[[@R17]\]. There is increasing evidence of the plausible association between PD and an increased risk of systemic diseases \[[@R18]\] such as diabetes mellitus (DM), atherosclerotic cardiovascular disease (ACVD), rheumatoid arthritis (RA) and adverse pregnancy outcomes. This article reviews their clinical and biological inter-relationship with these links; and treatment responses following therapeutic approaches with tetracyclines and other anti-inflammatory agents.

Periodontitis is the most prevalent chronic inflammatory condition in humans, resulting in destruction of supporting structures of teeth; occurring predominantly from an over-exuberant host response to plaque biofilm. Current thinking indicates that successful long-term management of PD would combine local mechanical therapy directed against biofilm with host-modulatory strategies to overcome microbial and inflammatory burden \[[@R19]\]. Based on the non-antimicrobial, anti-inflammatory properties of tetracyclines, a host-modulatory agent comprising a subantimicrobial dose of doxycycline was developed (SDD), as a safe and effective adjunct to conventional non-surgical root surface debridement to treat chronic periodontitis. It has proved to be safe for use at 20 mg b.d for at least 3 months and up to 24 months in randomized placebo controlled clinical trials. It is an approved adjunct in its capacity as an MMP inhibitor of plaque biofilm-induced degradation of tooth-supporting periodontal structures of the dentition. Doxycycline is preferred as a more potent inhibitor of MMPs than tetracyclines. It is safer than minocycline with superior pharmacokinetics which favor improved patient compliance.

Positive effects of intensive periodontal therapy extend beyond periodontal disease stabilization. Reduced inflammatory loading resulting from periodontal treatment could contribute to reduced risk of osteopenia, diabetes and coronary heart disease (CHD); considering the prevalence of common biochemical risk markers for these diseases based on the pathogenesis of chronic inflammation. Recognition of dual beneficial effects of periodontal host-modulatory therapy has resulted in the evolution of more effective CMTs, where the antimicrobial moiety is removed; retaining its potent actions in attenuating osteopenia and inhibiting MMP activity. Increasing recognition of the role of periodontitis in contributing to systemic comorbidities has led to the development of other host-modulatory agents such as resolvins \[[@R20]\] and PEZBINS (polyenolic Zinc-binding compounds), in an attempt to look for new molecules with the same active site as tetracyclines but with a different phenolic superstructure; they are in the preclinical stage of development \[[@R21]\]. In view of recent epidemiological studies that suggest underestimation of periodontal disease by 50% and increasing documentation of the link between PD and systemic comorbidities, this aspect of adjunctive therapeutics in periodontitis is likely to expand.

The adjunctive use of antibiotics is indicated in situations where root surface debridement alone has significant limitations. However they have side effects and their use should be limited to the more rapidly progressive forms of the disease. A meta-analysis of randomized controlled clinical trials demonstrates that supplementation of non-surgical periodontal therapy with systemic antimicrobials: amoxicillin with clavulanic acid and metronidazole; or subantimicrobial dosing with doxycycline; provides statistically significant results in subjects with rapidly progressive (aggressive) periodontitis with improved periodontal parameters of disease stabilization \[[@R22]\].

There are well-documented non-antimicrobial properties of tetracyclines such as minocycline in experimental models and in clinical trials in support of their evaluation as an effective adjunctive therapeutic approach for diseases with a dysregulated immune response. In diseases such as periodontitis with a microbial etiology and an altered immune pathogenesis, these compounds have particular relevance due to their anti-microbial and immunomodulatory effects. At conventionally detected serum and gingival crevicular fluid (GCF) levels, minocycline caused significant stimulation of osteoblastic cells, with a proportional increase in mineralized bone matrix in response to long-term exposure \[[@R23]\]; in the absence of effects on survival protein expression in human gingival fibroblasts, epithelial cells and periodontal ligament fibroblasts. In conjunction with their antimicrobial activity, these actions could explain the efficacy of tetracyclines, specially minocycline in decreasing disease progression and enhancing periodontal healing when administered for 7-14 days at 100-200 mg/day \[[@R24],[@R25]\] as an adjunctive measure.

In view of their importance in an inflammatory milieu, MMP inhibitors have evolved; they play a pivotal role in modulating chronic inflammation and enhancing repair and regeneration. Selective use of appropriate MMP-inhibitors as adjuncts could empower treatment outcome of periodontitis. Perioceutics, in the context of adjunctive therapeutic agents to complement root surface debridement for enhanced periodontal treatment outcome, potentially expand the scope for periodontal disease management. The actions of MMPs and their inhibitors in the pathogenesis of chronic inflammation; associated with enzyme cascades and perturbation of equilibrium with their natural inhibitors; and a role for the adjunctive use of MMP inhibitors in periodontal therapy have been reviewed. Current challenges and an overview of modalities achieved to date are addressed \[[@R26]\].

Clinical therapy directed at attenuating mediators of connective tissue breakdown is used in the adjunctive management of periodontitis \[[@R27]\]. Non-antimicrobial actions of specific tetracycline formulations cause inhibition of MMP-8 and MMP-13 \[[@R28]\]. Therapeutic actions of the tetracycline analog doxycycline hyclate include collagenase inhibition which makes it a useful therapeutic adjunct for the management of periodontitis \[[@R29]\] in modulating the host response, associated with an over-exuberant inflammatory response to plaque biofilm. Adjunctive sub-antimicrobial doxycycline as an adjunct to root surface debridement for stabilization of periodontal disease is a well-documented and established therapy. Clinical trials using this adjunct, demonstrate maintenance of alveolar bone over a six month period, when compared with placebo \[[@R30]\]. Increased periodontal disease severity, demonstrated more effective disease control in response to SDD \[[@R31]\]. Several studies demonstrate that tetracyclines have therapeutic potential to enhance bone mass by stimulating bone formation and inhibiting bone resorption; by virtue of their anti-inflammatory and anti-collagenolytic actions. Proanabolic and anticatabolic actions of tetracyclines are aided by osteoblast stimulation, MMP inhibition and attenuation of bone resorption. They reduce pathologically elevated levels of MMPs, pro-inflammatory cytokines and other inflammatory agents. Bone resorption is decreased as a result of combined anti-protease apoptotic effects on osteoblasts and osteoclasts respectively \[[@R32]\]. CMTs have good therapeutic potential in the adjunctive management of inflammatory periodontitis associated with connective tissue and bone destruction.

A systematic review has demonstrated the efficacy of MMP inhibition by SDD in the adjunctive treatment of adult periodontitis; with improved clinical outcome comprising clinical attachment gain and reduced probing pocket depths that prevailed for 9 months \[[@R33]\]. A more recent double-masked, randomized, placebo-controlled, multicentre study of 266 subjects with periodontitis demonstrated that those treated with a modified release adjunctive SDD formulation taken daily, displayed significant gain in clinical attachment level and probing depth reduction in response to periodontal intervention; when compared with those receiving periodontal treatment only \[[@R34]\].

Other therapeutic approaches include a proof-of-principle study using SDD as an adjunct in the augmentation of periodontal wound repair using access flap surgery in subjects with severe periodontitis, and did not qualify for regenerative therapy; in order to improve the biological response with attenuated MMP expression. This approach demonstrated improved periodontal parameters (clinical attachment levels: CAL and probing pocket depths: PPD), when compared with access flap surgery alone \[[@R35]\]. The adjunctive formulation reduced post-surgical bleeding on probing, probing depths and periodontal bone resorption during its administration; however there was no change in the periodontal microflora, beyond the effect of surgical intervention. MMP inhibitors are effective adjuncts in the management of periodontitis subjects with decreased bone mass; SDD aids attenuation of periodontal disease progression while maintaining bone mass \[[@R36],[@R37]\]; during adjunctive SDD, collagen telopeptide fragments in gingival crevicular fluid are shown to decrease \[[@R38],[@R39]\]. Evidence suggests that inhibition of MMPs in periodontitis subjects is significantly effective in controlling disease progression when used as an adjunct to mechanical debridement, also relevant to peri-implantitis and those requiring surgical intervention.

Long-term use of MMP inhibitors in chronic inflammatory diseases needs to be considered with care in view of its downstream effects in controlling cytokine processing; particularly MMP8 and its decreased levels over a period of time. More selective MMP inhibitors targeting periodontitis and combination therapy with antimicrobial and host-modulatory targets could overcome potential side-effects. Increasing interest in the role of MMPs in bone homeostasis in health and disease, improves clarity on its mechanisms of action. These aspects of host modulatory therapeutics have enhanced the prospects for adjunctive management of periodontitis; further work along these lines could contribute to a more focused therapeutic targeting. Doxycycline hyclate at 1-2 mg/kg was established for SDD in Beagle dogs. There was significant improvement in the degree of periodontal attachment and bleeding on probing in response to SDD of 2 mg/kg compared with control dogs and dogs with SDD of 1 mg/kg \[[@R40]\]. This appears to be a suitable SDD in the model tested with implications for long-term management of inflammatory disorders such as PD.

The efficacy of SDD as an adjunct to root surface debridement was evaluated in periodontitis subjects \[[@R41]\]. The systematic review and meta-analysis were conducted in accordance with the Quality of Reporting of Meta-Analyses statement and recommendations of the Cochrane Collaboration. The quality of methodology used was determined via a Consolidated Standards of Reporting Trials- based assessment. In three randomized placebo-controlled clinical trials with similar SDD dosing (20 mg b.d, for 3 months) and post-treatment follow-up period (9 months), significant differences were observed for all clinical parameters tested (CAL, PPD, plaque and gingival indices, GCF analysis); in favor of root surface debridement with adjunctive SDD. Within its limitations, this meta-analysis supported long-term efficacy of adjunctive SDD therapy using the above periodontal parameters.

TETRACYCLINES AND SYSTEMIC COMORBIDITIES
========================================

Non-antimicrobial actions of tetracyclines such as MMP inhibition play an important role in periodontitis and other systemic diseases. These actions include regulation of cytokines, antioxidant effects and modulation of leucocyte chemotaxis and activation \[[@R42]\]. These applications have been utilized over the decades in dermatology particularly for their anti-inflammatory actions. Removal of the antimicrobial moiety and retaining the actions indicated above, impart therapeutic efficacy on CMTs with applications for dermatological and other chronic inflammatory diseases including periodontitis.

The broad-spectrum antibiotic tetracycline acts at the ribosomal level where it interferes with protein synthesis. Its early applications in dermatology were followed by discovery of diverse mechanisms of action during inflammation, angiogenesis, apoptosis and proteolysis and bone metabolism. These non-antimicrobial properties of tetracyclines and their analogs in a range of diseases including periodontitis and autoimmune disorders such as rheumatoid arthritis have been reviewed, addressing their potential for appropriate clinical applications \[[@R43]\]. Induction of DM in a rat model resulted in universally raised levels of collagenase in any tissue; this could account for unusual periodontal breakdown associated with hyperglycemia and altered host responses resulting in the formation of advanced glycemic end-products (AGE) and its squeal \[[@R44]\].

Increasing interest in minocycline as an anti-inflammatory agent has led to the evaluation of its therapeutic efficacy in several experimental disease models such as inflammatory bowel disease \[[@R45]\], diabetes \[[@R46]\] and cardiac ischemia \[[@R47]\]. Some of the mechanisms involved in the anti-inflammatory, immunomodulatory and neuroprotective effects of minocycline are due to inhibitory effects on key enzyme systems, enhancement of Bcl-2-derived effects resulting in protection against apoptosis \[[@R48]\] and inhibition of poly \[ADP-ribose\] polymerase1 (PARP-1) activity \[[@R49]\].

Minocycline blocks LPS-stimulated secretion of inflammatory cytokines and toll-like receptor (TLR)-2 surface expressions in microglial cells. It has been shown to attenuate mRNA expression of genes for IL-6, IL-1 , major histocompatibility complex (MHC) ll and TLR-2 \[[@R50],[@R51]\]. The efficacy of minocycline as an MMP-inhibitor has been demonstrated in the treatment of neuroinflammation following experimental prothrombotic cortical ischemia \[[@R52]\]. It is an effective adjunct in the management of malignant gliomas, associated with a significantly attenuated expression of membrane type 1 MMP in microglia associated with glioma \[[@R53]\]. Its anti-proliferative, anti-angiogenic and matrix-stimulatory activities enhance its potential as an anti-tumor anti-metastatic agent. Some of the mechanisms involved include induction of autophagic/caspase-3-mediated cell death in a tumor model of glioma cells \[[@R54]\].

The effects of minocycline in preventing and overcoming induced experimental colitis, thereby attenuating disease severity and decreasing mortality have been reported \[[@R55]\]. These effects are due to reduced iNOS and MMP expression in intestinal tissue. Intestinal anti-inflammatory effects of minocycline in experimental models of colitis have been confirmed by others \[[@R45]\]; it was more effective than metronidazole traditionally used for this purpose \[[@R56]\].

Beneficial effects of minocycline are related to its actions in modulating both immune and microbiological parameters. Minocycline has been shown to restore the imbalance in composition of intestinal flora, characteristic of experimental colitis, unlike other antibiotics. In a mouse model of reactivated colitis, the association of minocycline with a probiotic has been reported to be beneficial in these conditions \[[@R57]\]; by exerting a greater anti-inflammatory effect than individual agents and also attenuating the reactivation of colitis \[[@R58]\]. Multifactorial conditions such as inflammatory bowel disease benefit from the antimicrobial and immune modulatory actions of minocycline; it would have similar applications for the adjunctive management of periodontitis, also associated with a multifactorial etiopathogenesis.

APPLICATIONS FOR TETRACYCLINES IN CORONARY HEART DISEASE (CHD)
==============================================================

Minocycline is able to limit ischemic damage in the kidney, heart, lung and neural cells, both *in vitro* and *in vivo* \[[@R59]-[@R62]\]. In the context of disruption of the blood brain barrier following a stroke; resulting in increased ischemic injury caused by edema and hemorrhage, minocycline is effective in reducing infarct volume and defective neurological function in mice; by inhibiting microglial activation and significantly minimizing disruption of the blood brain barrier and hemorrhage \[[@R15]\]. Based on this preliminary evidence, oral administration of minocycline (200 mg) for 5 days in stroke subjects with a therapeutic window of 6-24h after stroke onset, resulted in a better outcome than placebo \[[@R63]\]. Protective effects of minocycline against myocardial ischemia/reperfusion (I/R) injury have been attributed to inhibited expression of a protein, high mobility group box 1 (HMGB1), an early mediator of inflammation and cell damage in I/R injury \[[@R64],[@R65]\]. Inhibition of poly \[ADP-ose\] polymerase 1 (PARP-1) is also a possible cardioprotective function attributed to minocycline \[[@R66]\]. Under normal conditions PARP-1 activation promotes DNA repair. However, during I/R injury, excessive activation of PARP-1 leads to cell death. Minocycline has a protective effect on the survival of cardiac myocytes by inhibiting PARP-1 activity.

Minocycline has been shown to reduce plaque size and vascular stenosis in diet-induced atherosclerosis, via a PARP-1 and p27Kip1 (a cyclin-dependent kinase inhibitor, leading to cell cycle arrest)-dependent mechanism \[[@R67]\]. It has anti-proliferative effects resulting in reduced vascular smooth muscle cells (VSMC) in atherosclerotic plaques of high-fat diet mice treated with minocycline. In addition, it was established that its anti-proliferative effects on VSMC were dependent on p27Kip1 which was expressed *in vitro* in both VSMCs and human aortic SMCs; and in atherosclerotic plaques analyzed ex vivo; p27Kip1 knock down abolished these effects. Minocycline also reduced PARP-1 expression especially in LDL-induced human aortic smooth muscle cells (SMCs). Reduced atherosclerotic plaque size mainly due to these actions of minocycline suggests a potential application in vascular complications. Clinical trials are required to confirm their applications.

Periodontitis is the commonest inflammatory disease affecting humans. There is increasing interest and recognition of its importance as a risk factor for atherosclerotic cardiovascular disease (ACVD). Non-antimicrobial tetracyclines are effective against inflammatory mediators including cytokines and MMPs associated with periodontitis and associated comorbidities with a chronic inflammatory pathogenesis. There is evidence of the efficacy of sub-antimicrobial doxycycline and CMT3 in reducing LPS/CRP-oxidized LDL complex-stimulated monocyte production of TNF-α, IL-6 and MCP-1; relevant to the pathogenesis of periodontitis and ACVD \[[@R68]\]. One of the mechanisms involved in this inhibition involves suppression of the phosphorylation / activation of NFkB cell signaling pathway.

Preliminary data from clinical trials indicate that almost all acute coronary syndrome (ACS) subjects demonstrate moderate to severe periodontitis. This is a significantly greater incidence than in the general population. Other studies demonstrate that sub-antimicrobial doxycycline dosing (SDD) dramatically reduces serum hsCRP, IL-6 and MMP-9 levels of ACS subjects and significantly elevates cardio-protective HDL cholesterol and its core molecule apolipoprotein A-1, in subjects susceptible to ASCVD, presenting with periodontitis. A possible mechanism involves protection of apolipoprotein A-1 from proteinase activity by inhibition of MMP and preventing loss of HDL. These multiple effects of non-antimicrobial tetracyclines provide significant therapeutic potential for the treatment of chronic inflammatory diseases including periodontitis and its comorbidities such as ACVD. An association between chronic periodontitis and risk of ACS was studied in the context of serum PMN markers myeloperoxidase (MPO), MMP-8, tissue inhibitor of metalloproteinase (TIMP)-1 levels and MMP-8/TIMP-1 ratio \[[@R69]\]. Raised levels of markers and a high ratio of MMP vs. inhibitor are suggestive of increased risk of ACS.

MMP-8 belongs to the collagenase-2 subgroup of the MMP superfamily of calcium- and zinc- dependent neutral proteinases. MMP-8 is the most effective proteinase in causing degradation of type 1 collagen and extracellular matrix leading to loss of supporting structures in periodontitis and peri-implantitis leading to tooth/implant loss. MMP-8 in particular has been shown to be up-regulated in affected tissues, gingival crevicular fluid, peri-implant sulcular fluid and serum during the inflammatory pathogeneses of periodontitis, peri-implantitis and CHD. Pathologically excessive amounts of MMP-8 have been implicated in CHD, in the context of its proteolytic action contributing to thinning of the collagenous fibrous lining of coronary and other arteries leading to atherosclerotic plaque destabilization and rupture \[[@R70]\]. Serum levels of MMP-8 have been proven to be sensitive and objective biomarkers of periodontitis, peri-implantitis and CHD during disease progression and response to treatment with doxycycline. Serum and oral fluids are readily collected for such diagnostic and outcome applications; the relevance of MMP-8 to CHD makes it an important diagnostic tool. Adjunctive therapeutics with doxycycline for periodontitis resulting in its inhibition would also be a significant outcome for CHD.

Recent literature further provides substantial evidence for an apparent association between the presence of PD and a heightened risk of CHD. Although a causal relationship has not been established, due to difficulties in excluding other confounding epigenetic variables such as smoking and diverse life-style risk factors of CHD, it is possible to suggest a link between PD and CHD; both being chronic inflammatory diseases that affect a large number of individuals in a population. The suggested mechanisms which may play a role in linking PD and CHD have been described as 'direct bacterial effects', 'indirect inflammatory effects' and 'genetic predisposition' \[[@R71]\]. Subjects with PD may present with a large surface area of inflamed ulcerated pocket epithelium that interacts with microorganisms in the sub-gingival plaque biofilm which could gain access to the circulation and lead to vascular accidents in coronary vessels. *P. gingivalis* has been identified in coronary atheromatous plaques suggesting that, it could precipitate rupture of the fibrous membrane leading to either unstable angina or myocardial infarction (MI). In addition to a direct microbial influence, indirect inflammatory effects have been linked with the association between PD and CHD. PD induces an inflammatory response that elevates levels of acute phase proteins such as CRP and fibrinogen which are well established independent risk factors for CHD \[[@R72],[@R73]\]. Both CRP and fibrinogen are also linked to inflammatory periodontitis. In addition, other inflammatory cytokines produced during periodontal inflammation may also gain access to the circulation, resulting in pro-inflammatory effects at a distant organ such as the heart.

Considering the genetic predisposition for both PD and CHD, it has been proposed that a hyper-inflammatory phenotype could be responsible for cellular and molecular links between PD and CHD. This hyper-inflammatory immune response could result in increased production of cytokines and other inflammatory mediators in response to LPS-challenge, promoting periodontal breakdown \[[@R72]\]. Similarly, inflammatory mediators such as IL-1β, TNF-α and thromboxane-A~2~ (TxA~2~) could uphold platelet aggregation, formation of lipid-laden foam cells and deposition of cholesterol in the vascular intima \[[@R71]\]. It has been reported that the activity of monocytes could also be influenced by various lipid transport molecules, with low density lipoproteins (LDL) up-regulating secretion of IL-1β, TNF-α and TxA~2~.

Hypertensive patients suffering from MetS show increased oxidative stress and compromised anti-oxidant activity. In addition to this, obesity and being overweight are significantly linked to hypertension, while hyperglycemia and hypertension are also closely related. Hyperglycemia leads to excessive stimulation of the sympathetic nervous system which results in vasoconstriction, increased sodium reabsorption and subsequent water retention leading to increasing hypertension. This in turn would damage the vascular endothelium \[[@R74]-[@R76]\].

A relationship between obesity and PD has also been documented \[[@R77],[@R78]\]. Adipocytes of fat tissue demonstrate an ability to secrete adipokines which appear to control appetite and bodyweight of an individual. Since the cytokine leptin is known to have a protective role against obesity, the condition is also described as 'leptin-resistance' with consequent leptinemia \[[@R79],[@R77]\]. Adipocytes can secrete other cytokines such as adiponectin and resistin. Under normal circumstances, the serum level of adiponectin remains constant, however it decreases in the presence of obesity, DM, insulin resistance and CHD. Resistin plays a significant pro-inflammatory role and appears to be associated with insulin resistance \[[@R79],[@R80]\].

It is evident that inflammatory loading from PD could give rise to multifaceted complications of CHD and DM in a systemically compromised individual \[[@R18]\]. High levels of glucose and fatty acids, not only lead to the production of reactive oxygen species (ROS), but the interaction between glucose and plasma proteins would result in the formation of advanced glycemic end products (AGE). AGE can initiate the synthesis of TNF-α, IL-6, IL-1β and ROS, which would further prompt chemical modification of lipoproteins and atheromatous plaque formation \[[@R81]\]. Oxidative stress-induced pathogenesis of PD is considered to be similar to that occurring in the systemic inflammatory environment in response to systemic co-morbidities. In this context, there is a typical presentation of a cluster of risk factors in chronic MetS. Thus antioxidants such as tetracyclines are considered to be important adjuncts in the management of subjects with PD and the above-mentioned systemic inflammatory diseases \[[@R48]\].

Tetracyclines, especially doxycycline (DOX) with their inherent anti-oxidant properties have been known to be important inhibitors of MMPs; which proteolyze extracellular matrix proteins. MMP-2 in particular is considered to be an important intercellular protease which has the ability to proteolyze specific intracellular proteins in cardiac muscle cells to reduce their contractile function \[[@R82]\], thus contributing towards the pathogenesis of CHD. Therefore, inhibition of MMPs is a growing therapeutic aim in the treatment and prevention of CHD. A recent review further points out how MMPs can be intracellularly regulated and activated by oxidative stress, cleaving several vital proteins within the cells. These pertain to the intracellular actions of MMPs in CHD including ischemia, injury, inflammatory heart diseases and septic shock. These features underscore useful applications of tetracyclines as MMP inhibitors and their therapeutic value in treating patients with CHD.

Periodontitis which is a common chronic inflammatory disease in man has already been recognized as a possible risk factor for atherosclerotic cardiovascular disease (ASCVD). Non-antimicrobial tetracyclines have shown inhibitory effects on inflammatory mediators and effector molecules including cytokines and MMPs associated with both diseases. Research into mechanistic links between local and systemic inflammation shows evidence of doxycycline and related non-antibiotic chemically-modified tetracyclines (CMT-3), to be effective in reducing the production of TNF-α, IL-6 and macrophage chemoattractant protein-1 (MCP-1) by human mononuclear inflammatory cells, when stimulated with either LPS endotoxin or by a complex of CRP/oxidized-LDL cholesterol relevant to the pathogenesis of PD and ASCVD respectively \[[@R46]\]. This study suggests that the inhibitory actions of tetracycline compounds are mediated partly by suppression of phosphorylation/activation of the NFkB-cell-signaling pathway. Clinical trials carried out on patients with PD and ASCVD reveal that subjects with acute coronary syndrome have a higher incidence of moderate to severe periodontitis than the normal population. Further, SDD demonstrates a dramatic reduction in hsCRP, IL-6 and MMP-9 levels in subjects with acute coronary syndrome.

A six-month course of SDD has resulted in favorable modifications in the inflammatory environment amongst subjects with active CHD \[[@R83]\]. This was the first human study to evaluate MMP inhibition with a tetracycline derivative in CHD subjects (Metalloproteinase Inhibition with subantimicrobial dose Doxycycline to prevent Acute coronary Syndromes: MIDAS). MIDAS was not powered to detect a difference in clinical endpoints; however at six months of SDD treatment there was a significant 46% reduction in hs-CRP levels and a 32% reduction in IL-6 levels. It is relevant that the reduction in hs-CRP levels in response to SDD was seen amongst \>80% of subjects who were already on statins, also known to reduce hs-CRP \[[@R84]\]. These profoundly significant findings are supportive of a more central role for MMPs in addition to matrix degradation during inflammatory sequelae; it is also suggestive of an incremental effect of SDD on those achieved by statins, in reducing inflammation. Treatment with SDD has been shown to reduce the severity of chronic inflammation and increase serum HDL cholesterol. The ability of SDD to enhance serum-mediated cholesterol efflux from macrophages was found to be significant in a double blind randomized study of post-menopausal osteopenic women with periodontitis \[[@R85]\]. These findings suggest that treatment with SDD could reduce the risk of CHD in these periodontitis subjects, by increasing the cholesterol efflux capacity of serum.

SDD has also been found to significantly increase serum levels of HDL cholesterol (which is cardio-protective) and its core molecule apolipoprotein A-1 in ASCVD-prone patients with PD. This study suggests a possible mechanism that SDD could inhibit MMP-mediated HDL loss by protecting apolipoprotein A-1 from proteinase attack \[[@R68]\]; non-antimicrobial tetracyclines thus provide significant therapeutic potential for treating chronic inflammatory diseases such as PD and ACVD.

SDD permeates arterial walls to block endotoxin-induced secretion of TNF-α and IL-1 in cultured monocytes and down-regulates the expression and activity of MMP-2, MMP-9 and IL-6 \[[@R86],[@R87]\]. The ability of doxycycline to limit the expansion of abdominal aortic aneurysms can also be attributed to the inhibition of MMPs \[[@R88],[@R89]\].

Furthermore, IL-6 induces CRP production and its release was also reduced by SDD. This SDD-related reduction in high sensitivity CRP may result from the upstream inhibition of IL-6, a direct inhibitory effect on high sensitivity CRP synthesis or both \[[@R83]\]. The degree of inflammation as measured by hsCRP correlates with prognosis amongst subjects with established CHD as well as healthy individuals. It is not certain whether elevated levels of hsCRP could simply identify individuals with an increased risk of coronary events or actually cause these events by virtue of its pro-atherogenic properties. However, the prospect of a therapeutic agent with the ability to reduce CRP, IL-6 and MMP-9 has significant clinical implications.

MetS causes a pro-oxidant state in periodontal tissue, altering anti-oxidant defense mechanisms. This adversely affects tissue responses against bacterial plaque. Conversely, PD being a productive source of oxidative stress markers promotes the onset of insulin resistance and MetS in a vicious circle \[[@R90]\]. Chronic inflammation prevalent in PD causes increased neutrophil defense activity which involves increased oxidative activity resulting in peroxidation and oxidative stress. Thus, both MetS and PD show increased serum rates of oxidative stress markers \[[@R91]\]. While several studies have focused on molecules that can lower oxidative stress, recent studies have proposed tetracyclines as useful agents in counteracting oxidative stress in PD and MetS. Tetracyclines in conjunction with insulin have presented beneficial effects in collagen formation during wound healing. Topical tetracyclines have resulted in faster healing in diabetic animals, particularly during the initial phases of wound healing \[[@R92]\].

Decreased yields of oxidative stress markers have been observed in the presence of minocycline which demonstrates its potential role as an adjunctive therapeutic agent in an environment of oxidative stress such as PD and coexisting cardio-metabolic co-morbidities. While pharmacotherapeutic agents such as aspirin, statins, and thiazolidinediones appear to reduce inflammation \[[@R83]\], thymoquinone has demonstrated a variety of pharmacologic properties including antihistaminic, antihypertensive, hypoglycemic and anti-oxidative activities other than its anti-inflammatory and antibacterial actions. Thus, thymoquinone has also been proposed to have a key role in the prevention of inflammatory periodontal disease \[[@R72]\].

As addressed above, MetS is a syndrome characterized by several complications collectively leading to seriously compromised health of an individual. It is clear that the universal denominator underlying the MetS and PD is oxidative stress. The consequent hyper-inflammatory state leads to grave systemic complications such as CHD as well as local tissue destruction experienced in PD. Among other therapeutic agents tested in various studies, tetracyclines have convincingly demonstrated anti-oxidant, anti-inflammatory, pro-anabolic, immune-modulatory, angiogenic and anti-apoptotic properties \[[@R93]\], and therefore they can be effectively utilized to combat this central predicament. However, an enhanced collaboration between physicians, cardiologists, endocrinologists, dieticians and dentists would be important in the diagnosis and management of these patients to deliver both routine and adjunctive care.

METS, DM AND APPLICATIONS FOR TETRACYCLINES
===========================================

Metabolic syndrome (MetS) is considered to be a major systemic co-morbidity in the population world-wide. It is a cluster of multiple interlinked risk factors predisposing to atherosclerosis. These risk factors include obesity, dyslipidemia, hypertension, CHD and hyperglycemia. MetS has been identified as carrying a high risk for the development of type-2 DM \[[@R94]\]. Epidemiological reports suggest an association between PD and MetS, although the causality of these relationships has not been conclusive in some studies \[[@R95]-[@R97]\]; inherent subject-based variation could account for some of these findings. However, a large population-based research study provides evidence of an association between MetS and severe PD \[[@R98]\]. Evidence of a positive association between obesity and PD has been reported in systematic reviews \[[@R99],[@R100]\]. Similar positive associations have been reported in prospective studies as well \[[@R101]\]. The anti-inflammatory actions of tetracyclines would be effective in overcoming associated mechanisms of inflammation and oxidative stress resulting from cytokine cascades and their sequelae in MetS and periodontitis.

Increased plasma levels of cytokines such as IL-6 and TNF-α associated with hyperglycemia contribute to oxidative stress-induced cell damage \[[@R102]\]. Adipose tissue, a major source of the above cytokines is considered to be a 'lipid store' and an active endocrine organ. Adipose tissue thus secretes a number of hormones and mediators called 'adipokines'. In type 2-DM, there are elevated levels of circulating cytokines and adipokines. These may contribute to a heightened inflammatory state in periodontal tissues, contributing to increased PD in diabetes \[[@R103]\].

Administration of the anti-oxidant, glutathione completely suppressed elevation of cytokines in response to glucose pulses, implying a possible oxidative stress-induced mechanism responsible for the inflammatory burden due to hyperglycemia \[[@R104]\]. These actions could have implications on atherosclerosis and CHD \[[@R18]\]. In the hyperglycemic state, the interaction between glucose and structural proteins leads to non-enzymatic glycosylation, producing advanced glycation end products (AGE). AGE products could initiate the production of TNF-α, IL-6, IL-18 and reactive oxygen species (ROS) which would contribute to chemical modification of lipoproteins and atherogenesis in diabetics \[[@R81]\]. Some of the oxidant effects of AGE are overcome by the antioxidant glutathione \[[@R105]\], suggestive of a role for tetracyclines as therapeutic adjuncts in this context. It is relevant that in cultured osteoblasts, decreased yields of anti-oxidant markers in response to bacterial lipopolysaccharide, glucose and glucose-oxidized low-density lipoprotein were overcome in response to minocycline \[[@R106]\]; thus reinforcing its potential actions as an antioxidant in an environment of oxidative stress. Extrapolation of the findings from this simulated model could be applied to PD and coexisting cardiometabolic risk markers in the context of its antioxidant actions relevant to healing.

The pathophysiology of DM and CHD / MetS has implications on the progression of PD. The common risk factor, oxidative stress-induced tissue damage is responsible for progression of the above systemic diseases as well as PD \[[@R107],[@R108],[@R18]\]. These factors underscore the applications of tetracyclines as therapeutic adjuncts in the management of the above disease entities.

Metabolic syndrome (Mets) comprises a cluster of cardiovascular risk factors including obesity, impaired glucose tolerance, hyperinsulinemia, hypertension and dyslipidemia. There is increasing documentation of the link between periodontitis and systemic comorbidities, associated with inflammatory loading and common risk markers of disease progression. Equilibrium between the production and inactivation of ROS is disrupted during oxidative stress which characterizes MetS. ROS are essential for physiological functions, but excessive production during oxidative stress could contribute to cellular damage and dysfunction. It could be a common link in the pathogenesis of MetS and periodontitis, resulting in a proinflammatory profile of risk markers of disease \[[@R72]\]. Adipocytokines released by fat metabolism in adipose tissue could modulate oxidant/antioxidant homeostasis, by virtue of their actions. Insulin resistance could result from elevated production of ROS due to increased calorific intake and raised metabolic activity. Greater insulin levels required to maintain glucose homeostasis in obese subjects could contribute to hyperinsulinemia which could then progress to DM. Increased neutrophil adhesion and chemotaxis in response to oxidative products could cause further oxidative damage. Oxidative stress and hyperglycemia could result in the formation of advanced glycation end products (AGE) which are implicated in damage to periodontal tissue. Inter-related mechanisms of oxidative stress in MetS could contribute to common risk factors arising from a chronic state of oxidative stress in the pathogeneses of periodontitis, CHD and DM.

There is a possible role for the inhibition of non-enzymic protein glycation by tetracyclines, suggested by *in vitro* and animal studies. In diabetic subjects on stable medication with oral hypoglycemics/insulin and untreated periodontitis, conventional subgingival debridement was compared with additional adjunctive therapy of antimicrobial doxycycline for 2 weeks/subantimicrobial doxycycline (SDD) for 3 months. At one and three months, there were significant improvements in HbA1c in response to SDD compared with antimicrobial doxycycline or placebo \[[@R109]\]. These findings indicate that SDD overcomes oxidative stress via host modulatory mechanisms with decreased HbA1c values in type 2 DM subjects on prescribed medication. Adjunctive SDD in periodontal therapy suppresses pro-inflammatory cytokines and regulates the inflammatory response to therapy \[[@R110]\]; this could contribute to the above mechanisms. GCF cytokine profiles in subjects with or without type 2 DM seem to be governed by the intensity of periodontal inflammation and the role of DM could be a secondary factor in this context. In a literature review of ten comparable studies, 2 showed GCF IL-6 to be greater in periodontitis +DM; while 3 demonstrated IL-1; 1 showed IL-17 and IL-23 and 1 indicated IL-8 to be elevated in GCF of subjects with periodontitis +DM over controls \[[@R111]\]. It is relevant that a poor correlation between GCF cytokine profiles in periodontitis in the presence or absence of DM may be indicative of the need for concurrent serum samples \[[@R112]\].

CMT suppress cataract formation in a diabetic rat model, partly by affecting MMPs. They may have a role in treating pivotal causes of vision loss \[[@R113]\]. Age-related macular degeneration and diabetic retinopathy are likely to increase due to an aging population. In the context of retinal disease, retinal cell apoptosis could be prevented by tetracyclines;

in addition to prevention of retinal capillary damage *via* caspase inhibition; and prevention of retinal neo-vacularization by inhibition of MMP-2 and MMP-9. Other mechanisms include elevation of pigment epithelial derived growth factor and reduction in vascular endothelial growth factor (VEGF) expression via Fas ligand. Some of these actions could be relevant to the management of periodontitis subjects with DM.

PERIODONTITIS AND RA
====================

While PD is caused by pathogenic bacteria such as *Aggregatibacter actinomycetemcomitans (Aa), Porphyromonas gingivalis (Pg), Bacteroides forsythus (Bf), Prevotella intermedia and Prevotella melaninogenica,* these pathogen-specific immunoglobulins (IgG and IgA) against some of these organisms have been found to be in the synovial fluid of patients with RA \[[@R114]\]. Among other periodontal pathogens, Pg is known to possess a unique microbial enzyme called, *peptidyl arginine deiminase (PAD)* which is the human equivalent of this enzyme implicated as a susceptibility factor for RA. It is also known that, individuals with periodontal infection due to Pg are exposed to the antigens generated by PAD, such as deaminated fibrin/fibrinogen, keratin and vimentin. The same antigens act as systemic immunogens in the production of rheumatoid factor as well as inflammation of the gingiva and synovial tissue locally \[[@R115],[@R116]\]. A clinical trial further reports that subjects with RA show some reduction in severity of RA, six weeks following non-surgical periodontal treatment \[[@R117]\]. Studies of cytokine profiles of subjects affected by RA and PD report that those with both diseases have raised titres of IL-10, IL-1α, TNF-α, LT- α αlymphotoxin-α), and low titres of auto-antibodies to IL-1α and IL-6 \[[@R118]\]. Similarities in cytokine profiles in both RA and PD could also suggest a common underlying dysregulation of inflammatory and immune responses. Some genetic associations between RA and PD have also been suggested \[[@R119]\].

A high incidence of RA in subjects with PD has been documented, while some clinical trials report that subjects with RA experience moderate/severe PD, when compared with healthy individuals. It is relevant that a *Pg*-induced extra-synovial inflammatory model contributed to the severity of experimental arthritis. The potential for genetic defects contributing to dyeregulated immunomodulation is common to both arthritis and periodontitis \[[@R120],[@R121]\]. This clinical correlation between RA and PD could be attributed to the common underlying pathobiology of both diseases.

Experimentally-induced inflammatory arthritis in rats has been linked to high levels of tissue MMPs, TNF-α and IL-1β in the synovial tissue as well as in gingival tissue. This study suggests that, RA and PD are closely related through a common dysregulation of inflammatory mechanisms in the two diseases \[[@R122]\].

Considering the robust biological mechanisms linking RA and PD, the therapeutic agents targeting these two diseases would be effective in reducing the levels of pro-inflammatory cytokines and destructive proteases implicated in the inflammatory pathogenic mechanisms of both diseases.

POTENTIAL ADJUNCTIVE ROLE OF TETRACYCLINES IN RA AND PERIODONTITIS:
===================================================================

Tetracycline with its desirable quality of anti-MMP activity is valuable in subjects with RA. Clinical trials report that minocycline administration in subjects with RA, was associated with significant reduction in disease activity \[[@R123]\]. At the same time, soft and hard tissue destruction in PD is partly due to bacterial virulent factors such as enzymes and partly due to MMPs. Tetracyclines and their analogs have effectively been used to combat more aggressive, rapidly progressive and refractory types of periodontitis. They act not only by suppressing the growth of pathogenic organisms responsible for PD, but also by inhibiting collagen degradation in connective tissues of the periodontal ligament and gingivae; as well as by decreasing the destruction of alveolar bone, by inhibiting MMPs \[[@R29]\].

An increasing understanding of the importance of MMPs in the pathogenesis of PD has led to the development of SDD at 20 mg b.d, to modulate the inflammatory response by inhibiting MMP levels \[[@R71]\]. Based on many clinical trials carried out in the recent past, it has been reported that the two semi-synthetic antimicrobial tetracyclines (minocycline and doxycycline) have modest clinical benefits in RA \[[@R124]\]. CMTs \[doxycycline (CMT-ocycline (CMT-6)\], not only inhibit the synthesis of MMPs, but are potent inhibitors of osteoclastogenesis in vitro \[[@R125],[@R126]\]. CMT-8 has also been shown to exert anti-inflammatory effects by inhibiting nitric oxide (NO) synthesis; and it can modify cell viability by exerting strong anti-apoptotic activity \[[@R127]\]. Thus, these CMTs may retard tissue break down and bone resorption in RA and PD, which could emerge as disease-modifying drugs for both diseases. Semi-synthetic tetracyclines have been identified previously as inhibitors of angiogenesis, by preventing epithelial cell growth and inhibiting MMP synthesis.

The above reports clarify the fact that tetracyclines have significant therapeutic applications in inflammatory diseases associated with vascular tissue development and abnormal expression of MMPs. This phenomenon is relevant to explain the pathological conditions in soft tissue, cartilage and bone, which have close associations and similarities in PD and RA.

The results of two previous open trials and three double-blind controlled studies indicate that early administration of minocycline could be beneficial to subjects with RA, or those with mild disease \[[@R128]\]; in the context of joint swelling, tenderness, laboratory parameters and patient assessments. These beneficial effects were confirmed in a meta-analysis summarizing clinical trials that had been conducted until then \[[@R123]\]. Despite these findings and the FDA approval of semi-synthetic tetracyclines as medications for RA, a recent review acknowledged that there are other agents that surpass the relatively weaker anti-inflammatory effects of tetracyclines \[[@R124]\]. However, tetracyclines have applications in osteoarthritis; prevention of cartilage degradation *in vitro* by minocycline is impressive, providing rationale for their applications.

Secretory phospholipase A2 (sPLA2) plays an important role during inflammation and has been implicated in articular inflammatory pathogenesis of RA. Minocycline has been shown to inhibit a calcium-dependent pathway of the enzyme by blocking the substrate interactive site. The dimethylamino group at C7 of minocycline could play a significant role in this interaction by linking with hydrophobic residues of the enzyme \[[@R129]\]. Tetracyclines also have the advantage of readily penetrating cell membrane barriers, unlike other highly charged inhibitors of PLA2. Over-expression of NOS is a characteristic feature of several chronic inflammatory autoimmune diseases. Its modulation by minocycline by making the iNOS mRNA susceptible to degradation provides a new therapeutic approach, seen in RA and experimental colitis. This could be non-specific \[[@R130]\]. Excessive MMP activity is linked to the pathophysiology of several diseases such as CHD, RA and inflammatory bowel disease \[[@R131]\].

Osteoclasts and dendritic cells share common progenitors in bone marrow-derived macrophages. Tetracyclines convert the differentiation pathway resulting in cells resembling dendritic cells and not osteoclasts \[[@R132]\]. Both doxycycline and minocycline inhibit osteoclastogenesis induced by receptor activator of NF-kB ligand (RANKL), with no effects on cell growth, phagocytic activity; or proliferation and differentiation of osteoblasts. RANKL-induced osteoclastogenesis was inhibited by *in vivo* injection of tetracyclines into RANKL-injected mice and RANKL-transgenic mice; at the same time, it promoted the appearance of CD11c(+) cells. MAPK and c-Fos signals are essential for osteoclastic differentiation. There was inhibition of phosphorylation of MAPKs and c-Fos expression in bone marrow macrophages; this data suggests that the inhibition of MAPK and c-Fos signaling by tetracyclines is essential for preventing osteoclastic differentiation. These findings suggest a mechanism for prevention of bone loss by tetracyclines in response to local inflammation, as seen in periodontitis and RA; by conversion of osteoclastic differentiation resulting in a dendritic cell type. They have applications as potential agents for preventing bone resorption. The development of drug delivery systems would facilitate their use in preventing bone loss in response to inflammation induced by periodontitis and arthritis.

Osteoarthritis results in degeneration of articular cartilage; preclinical data suggest that doxycycline could slow down cartilage degeneration and act as a disease-modifying agent for the treatment of osteoarthritis. A Cochrane review examined the effects of doxycycline compared with placebo/no intervention on pain and function in subjects with osteoarthritis of the hip or knee \[[@R133]\], and confirmed the above findings. There has been progressive evidence in recent years to suggest an association between PD and increased risk of RA. Inflammatory mediators as well as microbial endotoxins have been suggested as plausible channels linking the two diseases. However, therapeutic measures utilized to inhibit common inflammatory mediators and effector molecules such as MMPs could reduce the severity of both diseases \[[@R134]\].

NON-STEROIDAL ANTI-INFLAMMATORY DRUGS:
======================================

Non-steroidal anti-inflammatory drugs (NSAIDs) have been widely used in the management of RA to control inflammation and pain. While the principal mechanism by which NSAIDs act is by inhibiting cycloxygenase responsible for prostaglandins (PG), it is also documented that NSAIDs can directly inhibit the activation and function of neutrophils; they also inhibit the release of TNF-α from monocytes and non-killer cells \[[@R135]\]. Consistent with previous studies on animal models of chronic destructive diseases such as RA, combination therapy with SDD and NSAID synergistically suppresses MMP and other neutral proteases in the gingivae of periodontitis subjects \[[@R136]\]. One of the mechanisms suggested is that the NSAID flurbiprofen in the combination regimen, enhances the uptake of SDD in the inflammatory lesion, thus synergistically reinforcing the effects of the medication. Inclusion of NSAIDs as adjuncts to the treatment protocols of PD could also be beneficial for arthritis presenting as a comorbidity, for their long-term management.

Cycloxygenase- independent effects are also believed to contribute towards the efficacy of NSAIDs in the treatment of RA. Many studies report that, periodontally-diseased tissues have higher PG levels, especially PGE~2~, than healthy tissues and are potent mediators of inflammation \[[@R137]\]. Bone resorption in PD is partly mediated by PGs which play an important role in its progression. As PGs are important mediators of bone resorption in PD, the use of NSAIDs would be beneficial in preventing inflammation-induced bone loss. PGE~2~ is a potent mediator of several chronic inflammatory diseases, including periodontitis. The inducible enzyme microsomal PGE synthase-1 (mPGES-1) catalyzing the terminal step of PGE~2~ biosynthesis is an attractive target for PGE~2~ inhibition. Aminothiazoles (heterocyclic amines) were effective in reducing inflammation and alveolar bone loss by 46% in an experimental periodontitis model \[[@R138]\]; they represent novel PGES-1 inhibitors which could have applications as anti-inflammatory agents in chronic inflammatory diseases with similar pathogeneses as periodontitis, by inhibiting PGE~2~.

Gingival and oral periosteal fibroblasts enhance yields of the antioxidant marker DHT (5α-dihydrotestosterone) relevant to wound healing in gingival and periosteal fibroblasts in response to minocycline, oestradiol, indomethacin and their combinations \[[@R139]\]. Adjunctive periodontal treatment with minocycline or indomethacin could contribute to wound healing in the inflamed periodontium. Reduced yields of DHT in response to the alkaline phosphatase (ALP) inhibitor levamisole were restored by indomethacin \[[@R140]\]. Enhanced ALP activity in response to indomethacin has implications for an adjunctive role in healing responses in periodontitis. Ketorolac tromethamine gel containing genipin was found to be effective against gingivitis in the periodontal pocket, by enhancing anti-inflammatory activity and increased cross-linking of genipin with biological tissue \[[@R141]\].

CONJUGATED LINOLEIC ACID
========================

Conjugated linoleic acid (CLA) has also been found to be an important inhibitor of osteoclastogenesis. While CLA acts by modulating the RANK-L signaling pathway, it has been shown to positively influence calcium and bone metabolism \[[@R142]\]. This study suggests important therapeutic implications in the treatment of inflammatory diseases associated with bone destruction.

BISPHOSPHONATES
===============

Since osteoclasts are responsible for the resorption and removal of bone, certain agents such as bisphosphonates which affect osteoclast function could be effective in the treatment of both PD and RA. Focal bone damage and generalized bone loss are features of RA, and studies have shown that, zoledronic acid which is a new generation bisphosphonate could reduce new bony erosions in patients with RA \[[@R143],[@R144]\]. The above findings suggest the beneficial effects of bisphosphonates in controlling these chronic inflammatory diseases in patients. Alveolar bone loss is an important complication of the inflammatory process in periodontitis where markers of inflammation stimulate osteoclastic bone resorption. In the context of inflammatory agents, lymphotoxin-α is considered to be the closest homolog to TNF-α \[[@R145]\]. Bisphosphonate therapy is considered to be beneficial as it inhibits bone resorption and increases bone mass. It also improves clinical parameters in subjects with periodontitis, and can be considered as a useful adjunct in the management of PD \[[@R146]\].

ORNIDAZOLE
==========

Ornidazole which is a synthetic nitroimidazole with potent antiprotozoal and antibacterial activities has been identified as an effective agent against many periodontal pathogens, relevant to the treatment of PD \[[@R147]\]. Similar therapeutic benefits have been documented with ornidazole in the treatment of patients with RA. Administration of ornidazole in subjects with active RA has led to a significant reduction in arthritic pain, C-reactive protein (CRP) and ESR levels as well as reduction in other symptoms such as the duration of morning joint stiffness experienced by the patients. Common inflammatory pathways and similarities between the periodontium and joint synovium make interesting comparisons between these disease entities in the context of pathogeneses and treatment outcome, targeting inflammatory foci.

SUMMARY AND DISCUSSION
======================

The MMP-inhibitory actions of tetracyclines and host-modulatory effects, independent of their antimicrobial actions, were first reported in 1983. Subsequently, specific non-antimicrobial formulations of tetracyclines such as SDD \[[@R3],[@R33],[@R40]\] and CMTs were developed as effective adjuncts in the management of chronic inflammatory disorders \[[@R6]\]. The rationale for the applications of SDD mainly for periodontitis and dermatological conditions; and CMTs particularly the most potent CMT-3, led to the discovery of the active site for MMP inhibition in the molecule. The diverse applications for CMT-3 \[[@R4]\] include acute respiratory distress syndrome, Kaposi's sarcoma and its anti-angiogenesis effects in cancer therapy. In addition, the safety and effective therapeutic outcome in periodontitis, other oral diseases; and systemic conditions encompassing RA, post-menopausal osteopenia, type 2 DM, CHD and others are addressed \[[@R45]-[@R49]\] and \[[@R67]\]. Their applications in this context, in view of inflammatory risk markers in common with periodontitis, have been discussed throughout relevant sections.

Beneficial and safety aspects of minocycline alone or in combination with other medications in diseases with an inflammatory pathogenesis have been confirmed in diverse animal models and some clinical trials \[[@R10]\]. Its multiple mechanisms of action affect several targets, for antioxidant effects, chelation of calcium; and inhibition of proinflammatory enzymes such as iNOS and MMPs; which play an important role in attenuating the inflammatory diseases addressed. Although doxycycline has been reported to share some of these properties \[[@R22]\], a similar efficacy has not been demonstrated in the same models. Its multiple targets make minocycline significantly effective amongst tetracyclines \[[@R23],[@R26]\]. It is also safe, well absorbed orally, well-distributed, relatively inexpensive for long-term use and its side-effects are well-documented. Further work would clarify its mechanisms of action *in vivo*. However, the scope and diversity of minocycline make it a useful therapeutic adjunct in the management of several diseases including periodontitis and prevalent comorbidities addressed here \[[@R50],[@R51]\]. Minocycline has long been used as an antibiotic; there is increasing documentation of its anti-inflammatory, anti-apoptotic, immunomodulatory and neuroprotective actions which have attracted a great deal of interest in view of its therapeutic potential, independent of its antimicrobial effects.

Minocycline crosses cell membranes readily and has potent anti-apoptotic actions; doxycycline is an effective anti-protease. They demonstrate radical scavenging activity and overcome oxidative stress. They belong to a phenolic class of antioxidants and have properties consistent with their structure, being similar to vitamin E. Radical scavenging actions of minocycline are similar to those of tocopherol \[[@R13],[@R14]\]. It is effective as a superoxide scavenger in quenching hydrogen peroxide and peroxynitrite by direct action on free radicals. The diethyl amino group on the phenolic carbon of the minocycline molecule provides improved steric hindrance and confers superior radical scavenging activity on minocycline; being 200-300 fold as potent as tetracycline. It is also equally potent as tetracycline in its inhibition of lipid peroxidation.

These positive actions extend beyond stabilization of periodontitis. Decreased inflammatory loading could contribute to decreased osteopenia and inflammatory risk markers in CHD, DM and arthritis, considering the prevalence of common markers for disease progression across these entities and periodontitis \[46, 83, 84, 92, 109, 122, 123\] and \[[@R128]\]. SDD is a more potent inhibitor of MMPs than tetracycline; and safer than minocycline with superior pharmacokinetics which favor patient compliance. Their actions in stimulating osteoblasts and enhancing the formation of mineralized bone matrix in response to long-term exposure complement their therapeutic efficacy in the adjunctive management of periodontitis \[[@R22]-[@R25],[@R33],[@R34],[@R41]\]. As discussed throughout this paper, these actions could have positive effects on prevalent comorbidities in periodontitis subjects, when used as therapeutic adjuncts.

Both authors contributed to literature searches and writing of the paper.

ABBREVIATIONS
=============

ACS

:    = acute coronary syndrome

ACVD

:    = atherosclerotic cardiovascular disease

AGE

:    = advanced glycemic end products

CAL

:    = clinical attachment level

CHD

:    = coronary heart disease

CMT

:    = chemically modified tetracycline.

CRP

:    = C-reactive protein

DM

:    = diabetes mellitus

GCF

:    = gingival crevicular fluid

HLD

:    = high density lipoprotein

IL

:    = interleukin

LDL

:    = low density lipoprotein

LPS

:    = lipopolysaccharide

MCP-1

:    = macrophage chemoattractant protein-1

MetS

:    = metabolic syndrome

MI

:    = myocardial infarct

MMP

:    = matrix metalloproteinase

NFkB

:    = nuclear factor kappa B

PARP-1

:    = poly ADP-ribose polymerase-1

PD

:    = periodontal disease

PEZBIN

:    = polyenolic Zinc-binding compound

Pg

:    = porphyromonas gingivalis

P27Kip-1

:    = a cyclin-dependent kinase inhibitor

PPD

:    = probing pocket depth

RA

:    = rheumatoid arthritis

ROS

:    = reactive oxygen species

SDD

:    = subantimicrobial dose-doxycycline

SMC

:    = smooth muscle cell

TIMP

:    = tissue inhibitor of matrix metalloproteinase

TNF

:    = tumor necrosis factor

VEGF

:    = vascular endothelial growth factor

VSMC

:    = vascular smooth muscle cell
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